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THE TORSIONAL AND BENDING DEFLECTION OF FULL-SCALE ALUMINUM-ALLOY
PROPELLER BLADES UNDER NORMAL OPERATING CONDITIONS

By EDWINP. HAE-ACA.Nand DAVm BIF.RMAIW

SUMMARY

27ie torsional dejection of the Made8 of three full-scale
alutninum-ahy propeller8 operating under cariou8 kd-
ing conditions me mea8ured by a light-beam me-thod,
Angular bending dejlectione were also obtained as an in-
cidental part of the 8tudy.

The deflection measurement 8hou?ed that the wual
pre8ent-day type of propeller bkde8 twisted but a negli-
gible amount under ordinary $~ght oonditicms. A muxi-
mum dejection of about 1[10° mm found at a JT/nD
of 0.3 and a snmlkr dejection at higher wlue8 of V/nD
for the 8tation at 0.70 radius. llese de.tlection8 are much
~maller than would be expected ,from earlier test8, but the
light-beam method I%considered to be much more accurate
than the direct-reading transii method used in the prwiow
te8ts.

INTRODUCTION

b propekr research and design it wouId often be

&“~Y deshable h know just how much a propdkr
bh-ide twists under operating conditions. For example,
in a recent research project carried out at the NT.A.
C. A for the purpose of detarminkg the effect of com-
pressibility on the performance of propellers in the
take-off and climbing range (reference 1), a shifting of
the btisic propeller-coefficient curves vit.h varying tip
speed was found. The ma=titude and direction of the
shift was such that it could be explained either as a
result of compressibility of the air or as an effect of a
twisting deflection of the propeller b~ades. Obviously
it is desirable to separate these two effects; and the
only cormenient method of doing so is to measure the
actwd deflection of the bIades under -iaricus Ioading
conditions.

SimiIar displacements of propelIer-coefficient curves
were encountered in certain propeller task (reference 2)
made at the California Institute of TeohuoIogy. In
that case the torsions.I deflection of the blades under
load was given as a plausible explanation of a shifting
of the thrust-coefficient and efficiency curves with in-
creasing tip speeds and power inputs.

From considerations of propeIler design and seIection,
it is desirabIe to know the extent of the torsional de-
flection of propelIer bIadw under load, for upon this
knowIedge depends the magnitude of the correction
factor to be applied in the selection of a propeller to
absorb a given engine power. Weick gi-res some arbi-

trary values of blade deflection to be used in connection
tith tie design charts of reference 3. These vrdues
amount to a %“ increase in blade angle at 0.75R for
each increment of 100 horsepower above 200 horsepower
and are assumed to apply onIy for horsepowers of 500
or less.

The instances cited give a good indication of the
need for blad+detlection data. The present measure-
ment on current types of akninum-doy propellers
should therefore be of value.

Contemporaneously with the present tests, a series of
bladedeflection measurements (reference 4) was made
at Wright Field. These measurements, which covered

Fmcar. I.–Test set-upshowingengb nacelleand propeller.

~Iarge range of revolution speeds and a series of stations
Jorfg the blade, showed torsionaI blade deflections of
sticient ma=titude to account for a Iarge part of the
Aift in the coefficient curves caused by increasing the
tip speed. Unfortunately, the measurements were only
For static (V/nD=O) conditions. The method used at
‘Wright FleId for making deflection measurements is
imilar to one that vms empIoyed by the N. A. C-A. to
obtain the deflection data pubIished in reference 5. It
depends on transi~ measurement+ of the distance be-
tween the Ieading and the trding edges of a particular
wction measured parallel to the propeller axis. The
a@e of twist is caIculakd from the changes in this dis-
tance that occur when the propeller k operating.
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The light-beam method of measuring blade deflection fore the apparent blade angle, greater than it actudIy is.
employed in the present investigation is believed to be The torsional blade deflection computed from theso
of much greater accuracy than the trsmit method. A measured distances is likely to be much too lingo on this
comparison of the results obtained in this report with account.
those obtained for the same propeller by the transit The angular deflection of the blade in forwrird bcnd-
method (reference 4) shows large differences. The ing was also measured in the present tests. The bending
transit method is known to be subject to a number of deflection of propeller blades prolmbly has a nogligiblc
possible errors. Perhaps the greatest source of error aerodynamic effect though it has some significance in
lies in the fact that either torsional. or bending vibra- structural design. In the present tests. it was obtained
tions will tend to make the measured distance betwem direitly as a part of the light-beam ~let.hod without
the leading and trailing edges of the section, and thgre- any special modifications.

i

4s77 6s58-9 6101

FIQUnE‘2.-PropellerbIndmkded.
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The Iigh&beam method of measuring blade deflections
will probably be used in the future, perhaps for okr
purposes than measuring blade deflection, as it ofhra
possibilities for use in measuring flutter and vibration
frequencies of propeIIer blades. It is a mod&ation of
a method used by the British for the deflection memxre-
ments reported in reference 6.

TEST EQUIPMENT AND PROPELLERS

The deflection measurements were made in the 1?. A.
C. A. 20-foot tunnel described in reference 7. The
tunnel has an open throat and its maximum air speed
is about 110 miles per hour.
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The propellers were turned by a 600-horsepower
Curtiss Conqueror engine enclosed in a Iiquid-cooled
engine nacelIe. The engine-propeller eehup, shown in
figure 1, had previously been used for standard pro-
pdler tests. A complete description of it is gimn in
reference 8.

Deflection measurements were made of three alumi-
num-a.Uoy propellers of Clark Y section further identi-
fied as foIlows:

Designdmwfngh-O. Xumber
of bk.des-F-l-

Bk,de
Dfm&r :%.=

(m)

10 9
10 7
9M 6

A photograph of the three blade types is shown in
@ure 2 aud the blade-form curves are given in figure 3.

DEFLECTION-MEASURING APPARATUS AND METHODS

General method.-A small plane mirror was cemented
to the face of the propeller blade at the station at which
measurements were to be made. with the blade in a
horizontal position an intense penal of light was
directed onto the mirror, which reflected it to a focus
on a vertical screen behind the propeller. As the pro-
peller rotated, the narrow pegcfl of light impinged on
the mirror for only a small fraction of each revolution,
thus having the effect of a stroboscope. Bending and -.
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torsional deflections caused the image on the screen to
move horizontally and -rert.kdy, respectively, through
anguhw disphwements easily calculated when the dis-
tance from the mirror to the screen is lmown. In the .._
present tests this distance was great mough b make
very accurate readings possible. The testing was done
in the dark. A diagrammatic sketch of the apparatus
mounted in the test chamber is shown in 5gure 4.
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Light unit,—The light unit consisted of a wooden
projection box with w 6-8 volt straight-filament auta-
mobiIe lamp and a high-quaLity f 6.0 lens of 20-inch
focal length taken from an aerial camera. The lamp
was supplied with current from a storage battery and
the lens holder was adjustable for focusing.

Mirror.-The mirror was M inch square and %Linch
thick. It was camented to the flat face of the propeller
blade with melkxl Canada balsam. When the mirror
was carefully attached, it showed little tendency to
fly off ,

Screen. —The plywood screen was attached rigidly to
the tunnel framework atwne side of the exit cone.
(See fig. 4.) The records were obtained by an observer
who marked the position of the reflected light spot on a
large sheet of white paper temporarily attached to the
screen. A level reference line was put on each record
before it was removed. This line was parallel to a
horizontal line passing through the mirror and the
propeller-shaft center.

Image,-The lens system was adjusted until a sharp
image of the filament (with propeller stopped) was
found on the screen. During operation, the intensity
of the reflected spot is reduced in the ratio of the mirror
width to the circumference of the circle that the mirror
describes. This reduction in light intensity necessitates
testing in the dark.

=“
FK?UBE5.—Diagramshowingappearanceofthe rewds taken.

As the incident pencil of light was of finite width,
the mirror was ihninated through a small but appre-
ciable portion of the circle it deecribed around the
propeller axis. The mirror, during its passage through
the Iight pencil, also rotated in space through a small
arc around an axis passing through the. mirror and
normal to the propeller disk. This motion was suffici-
ent to cause the image to move and to produce a short
streak of light on the screen. The direction of. the
streak was nemly the same as the direction of move-
ment of the image resulting from a bending deflection.
Since the end points of the streak were a little indefinite,
the bending deflection measurements are somewhat less
accurate than the torsionaldeflection measurements,
The light bulb was so orientated that the image of the
straight iilament lay parallel to the streak caused by
the mirror sweeping through the pencil of light. All
measurements were made to the midpoint of the re-
corded streak. The resulting records for various load-
ing conditions (difl’erent r. p. m.) looked very much
like the diagram in figure 5. In this figure 1’ represents
the bending deflection for a given loading condition
and P! represents the torsional deflection. As the
source of light was fixed, the angles subtended at the

mirror by the distances 1’ and 1“ were just twico tllo
actual angles of bending and twist.

Calibration.-In actual operation the motion of tho
image caused by bending was not quite horizonhd
(parallel to the blade) nor was tho motion mused by
twisting the blade quite vertical. Correction ftichms
for the small deviations of the motions of tho imago
from the horizontal and vertical due to pure bending
and pure twisting were obtained by calil.)rat ing the
twist and bending against the motion of thd inmgo on
the screen. For the calibration, tlm bending deflec-
tions were obtained by means of a wire and turnbuckle
attached to the end of the blade. Twisting deflections “
were obtained by turning the blade in tho hub and
using an inclinometer to measure the blade angles.

ACCURACY

It is estimated that the angles of twist are within
XO” of being correct and that the angle of forward
bending is within JiO”. Transit observations of the
engine mounting indicated no appreciable angular nlo-
tion of the engine. The errors introduced by move-
ments of the screen due to the deflection of tho tunnel
wall to which it-was attached are known to be within
the specified limits of accuracy.

THEORY OF BLADE DEFLECTION

An important cause for blade twist under load is the
air force. acting at the center of pressure of each sec-
tion. The position of the center of pressure varies with —
angle of attack (which is an inverse function of ~-’/nD)
and may, under certain conditions, be considerably
displaced from the elastic axis of the propeller blade.
The position of the elastic axis rdong the chord is shown
in reference 9 to be approximately at tho cent.m of
gravity of the mea produced by plotting t.ho cubo of tbo
thickness against the chord, For a Clnrk Y section, 10
percent thick, the elastic axis will lie at about 39 per-
cent of the chord back from the leading edge, Tho
slast.ic axis will move backward as tho thickness de-
creases and forward as the thickness increases,

The greRtest twisting effect due to air forces will
probably occur at high, unst.allcd angles of nttnck (IOW
values of”17/n.D) where the Rir forcos are relatively high
and where the center of pressure hns moved tu its mmi-
mum forward position (about 30 percent of [Lo chord
from the leading edge at air speeds below the compres-
~ibility burble). As Y/nD increases, tho nir forces
become leas and the center of pressure mows toward
the trailing edge, thus reducing the positivo (i. c.,
tending to increase the blmde angle) twisting dctlcctions.
At high v@es of T7/nD nem zero thrust, tho center of
pressure moves to the other side of t-he elastic axis, but
tie air force9 are so smfdl that negutive deflections of
my considerable magnitude due to this cmsc nro un-
ikely to occur. The deflections due to air forces mny
Ihus be considered as essentially posit.ivc throughout
Lhenormal take-off and flight range.
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The quantitative effect of the centrifugal forces on
Made deflection is a little uncertain. There will be a
general tendency for each small element of mass
throughout the blade (dnt, fig. 6) to remove itself as far
as possible from the center of rotation. In iignre 6 it
is seen that the distance of the eleraentaI mass dm from
the asis of rotation becomes greater as the blade angle
approaches zero. It appears, then, that the com-
ponent of centrifugal force acting paraIIel to the z
wxis (fig. 6) tends to decrease the blade angle. The
component acting pardel to the z axis tends to do
just the opposite. Its action, which may be more
effective than that- of the z component, tends to remo~e
the natural twist from the blade in the same manner
that a twisted strip of tin will untwist under a tende
end load. The effect of the z component is thus to
increase the blade angle, and the net deflection caused
by centrifugal forces will be positire or negative
depending upon which component predominates.

It should also be mentioned that forward rake (or
forward bending deflections) will materially change the
torsional deflection caused by centrifugal forces.
Inasmuch m the air forces on the blade produce forward
bending, it is clear that a variation in air load alone
vd.1 result in a change of the torsionaI deflection
caused by centrifugal forces. This fact makes more
Micult the separation of the torsional deflections
caused by centrifugal and air forces.

RESULTS AND DISCUSSION

The rewdts of the blade-defIection measurements for
the three propellers tested are shown in figures 7 to 13.
The foIIowing table shows the test conditions and the
various figures in which the results m-e pIotted:

Mntionsat
B$*7yRg’e which mees-Ffgure Propeller

(dk) ment9were
made (r/R)

t

II
7 and L..__ ___ 6S6S4 lK 0::
L________ W8E-9
lo. -_... ______ 5s8s-9 z .70
n_________ 6M11 E .70
12and 1~. . . . . .._ m 15 .70

!

The data me prwented in two dith.rent forms of
chart: In one, the propeller rotation speed was hekl
constant while the ~7/nD was varied; and in the other,
the VfnD was held approximately constant at the
lowest value obtainable and the propeller rotatiomd
speed was ~aried. The tit type of chart is the most
instructive, but the second type shows the various
rotational speeds at which flutter occurs. (See &. 13.)

The most important fact indicated by the @gmes is
that the twisting deflections of the blades are -rery
small, aImost negligible, which is contrary to generdy
accepted ideas about blade deflection and quite different
from the results of previous tests.

The largest deflections measured “were for propeller
4877 (figs. 12 and 13) which, even in the important part

13!a778~l .

of the take-off range, amounted to only fro. This pro-
peller has a blnde-thickness ratio at 0.75R of cmly
6 percent of the chord and its thickness ratio througho-
ut its full radius is considerably kas than for most of

--.—

the propellers in us-e today.
—

The deflection at 0.70R for propellers 5868-9 and
6101, which are typical of present-day propeIlem,
amounted to about KOOin the most important part of
the take+ff range and less for other ranges of flight
operation. Such deflections could not account for any ‘-
large part of the shift in the curves of basic propeller
coefficients with increasing tip speeds. Any shifting

z

Fmcmc 6.–Dfe@zJnElastmtfngthe way fhet cenWugal form Gendeto _ the
bMe angle.

effect of this sort must therefore be considad as. re -
sndting from causes other than blade deflection. Fur-
thermore, in the selection of a propeIIer diameter and a
blade angle to absorb a given power, it will usually be
quite unnecemry to make any allowance for the blade
deflections of presen&day aluminum-alloy propellers.

In the range of ~7/nD -dues between zero and the
value for zero thrust, there is a point where the effe&~e
torsional deflection caused by air forces will be zero.
It was estimated that this point would be at a V/nD of
about 0.6 for a blade set 15° at 0.75R. At this value
of V/nD in figures 7, 9, 11, and 12, the torsional deflec-
tions should be l&gely the remdtt of centrifugal forces.

.-. . . . .
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It wiIl be observed that in all cases the torsional deflec-
tions at a V/nD of 0.6 are very small and, in all but one
case (propeller 6101, Eg. 11), they are positive. From
this observation it appears that, for the blades. tested,
the z components of the centrifugal forces, which tend
to increase the blade angle, were, in general, more
powerful than the x components, which tend to decrease
the blade rmgle.
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The fluttering tendencies of propeller 4877 are illus-
trated in figure 13. It was noted that the fluttar be-
came more severe with increasing rotational speeds
and decreasing V/nD values. ‘When fluttering, the
propelIer emitted a sound similar to that usually as-
sociated with supersonic tip speeds and the thrust and
torque were considerably affected, as indicated in
reference 1. It wns noticed on certain occasions when
the propeller was fluttering that a double image was
found on the screen. On other occasions three or more

distinct images were found. m multiple images ttro
easily explained by the fact that the system nets as a
stroboscope nncl the beam of light catches the propel]cr
in a different phase of the vibrational movement on
each succeeding revolution. The mtmimum dist ante
between images will not necessarily bo the full rm~pli-
tude of the vibration but., as the number of separate
images increases, the full amp]itudo is more ncnrly
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approached. In figure 13 the plottccl points repre-
sent the rnnximum distance Wvwcn the separate
images. The vibrational frequency of tho blades
should be a simple, though possibly indeterminate,
function of the number of images and the rotational
speed.
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Propeller 5S68-9 fluttered at the tips at high rota-
tional speeds and low vakes of 17/nI?, but the ampli-
tude of the vibration seemed to be small. The marked
change in slope of the bendingdeflection curve when
the blade fluttered (see figs. 8 and 13) is a curious
phenomenon that doea not seem to be accounted for by
a 10SSin thrust due to flutter for, under these conditions,
the thrust actually increases slightly as shown in refer-
ence 1.

An examination of @res 7 and 9 iudicates that the
toraiomd deflection of a propeller blade probably in-
creases from hub to tip. The two stations tested
(0.7012 and 0.85R) represent, fairly well, the portion of
the blade having the greatest effect on aerod~amic
performance.

The maximum to=ional deflection for a blade angle
of 20° (fig. 10) is very little ditlerent from that fo~ a
blade angle of 15° (fig. 7). There is probably Iittle

ad-rant age in making tests beyond 20° Except to d+
termine the @ect on b~ade deflection of b~ade stall.
Since the center of pressure of a stalIed blade approaches
the ehistic axis of the b~ade, the torsional deflection,
caused by air forces, beyond the stall shouId be less
than before the staII occurs, as was mentioned earlier.
The tmsionaI deflection caused by the z component
(see &. 6) of the centrifugal force does, however, de-
pend on the blade-angle setting, which may be justi-
fication for testing at high angles.

CONCLUSIONS

1. The measured torsional deflections, in the normaI
Dperating range, of tw-o present-day type9 of aluminum-
alIoy propellers were almost &@gibIe. One-tenth of a

degree or k.ss was measurd at the 0.70 radius.

2. The torsional deflection at the 0.851? station was
somewhat greater than at the 0.70R station.

3. The light-beam methcd of measuring blade de-
flection appeara to be a very accurate method of making
such measurements and might be of some use in pro-
pda-vibration research.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,

NATIONAL .ADWORY COMMITTEE FOR AERONAUTICS,

LANGLEY FIELD, VA., January 18, 19$?8.

—
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APPENDIX

NOTES ON IMPROVEMENT OF METHOD

NO time was taken during the present tests to.perfect
the light-beam method of measuring deflections; how-
ever, the tests did reveal certain features of the equip-
ment and method that could be improved. A few sug-
gestions will be given for the benefit of those who wish
bmse the method in the future.

It is highly desirable to keep the beam of light as
narrow as possible throughout its full length since the
length of the reflected image (streak of light) on the
screen, which should be short for accuracy, depencls on
the width of the light beam at the mirror. The larger
the spot of Iight at the mirror, the longer is the reflected
image and the less accurate is the determination of its
midpoint. On the assumption that a certain speed of
lens is required, it appears from theory that the smallest
diameter lens system having this speed is most desirable.
Practically, however, the” dkimeter will probably be
limited because of distortion of the image. The opt,i-
mum diameter,. “which will depend on the dimensions
of the light source, is not known but it is believed to be
somewhat less than the 3%-inch aperture of the lens
used in these tists.

The distance from the mirror to the screen should be
great enough to provide good accuracy of reading. In
the present tests this distance was about 29 feet, giving
approximately 1 foot deflection per degree of twist.

The engine mounting should be rigid enough to pre-
venti angular movements of the engine. Translational
movements are not ma=mified and, if smaIl, have no
serious effect.

The angular position of the propeller should be
defiitely established in the zero position rmd the light
beam then centered on the mirror.

The Canada balsam used to cement the mirrors onto
the blades seemed to be satisfactory for tha tip speeds
encountered in the present twits although a fcw did fly
off under the more severe conditions of tip speed and
flutter. lt is believed that a firmer adhcsim might be
desirable, or necessary, for higher tip speeds or very
bad flutter conditions. An unsuccessful attempt wtis
made to polish a spot on a blade to mirror smoothness
for the purpose of eliminating the attrichcd mirror.
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